nature neurOSCIenCe a r t I C l e S Terrestrial animals including humans are generally exposed to the risks of dehydration and salt deficiency. Deficits in body water elicit water appetite (thirst) and salt avoidance as a result of elevations in Na + levels ([Na + ]) in body fluids, whereas deficits in body salt stimulate the appetite for salt, which is satisfied by ingesting Na but not chloride [1] [2] [3] . Impairment of thirst in elderly people causes severe dehydration and increases risk of death 4 . In addition, excessive dietary salt intake by humans has been strongly implicated in the development of heart, renal and liver failure, as well as salt-sensitive hypertension 5, 6 . Na + is the main cation in body fluids (such as plasma and the cerebrospinal fluid) and the main determinant of osmolality. [Na + ] in body fluids is continuously monitored in the brain to maintain it within the physiological range 7 . The central monitoring of body fluid conditions is considered to be mediated by sensory circumventricular organs (sCVOs), brain regions that lack a blood-brain barrier but harbor neuronal cell bodies 8 . sCVOs consist of the subfornical organ (SFO), organum vasculosum of the lamina terminalis (OVLT) and area postrema 8 . Multiple neuronal populations reside in the SFO, and some of them are known to have connections with distinct brain regions such as the OVLT, median preoptic nucleus (MnPO), paraventricular nucleus (PVN), supraoptic nucleus (SON) and so on 7, 8 . We previously identified Na x channels specifically expressed in the glial cells (ependymal cells and astrocytes) of the SFO and OVLT as a brain [Na + ] sensor that detects [Na + ] elevations in body fluids within the physiological range 9-14 .
a r t I C l e S Terrestrial animals including humans are generally exposed to the risks of dehydration and salt deficiency. Deficits in body water elicit water appetite (thirst) and salt avoidance as a result of elevations in Na + levels ([Na + ]) in body fluids, whereas deficits in body salt stimulate the appetite for salt, which is satisfied by ingesting Na but not chloride [1] [2] [3] . Impairment of thirst in elderly people causes severe dehydration and increases risk of death 4 . In addition, excessive dietary salt intake by humans has been strongly implicated in the development of heart, renal and liver failure, as well as salt-sensitive hypertension 5, 6 . Na + is the main cation in body fluids (such as plasma and the cerebrospinal fluid) and the main determinant of osmolality. [Na + ] in body fluids is continuously monitored in the brain to maintain it within the physiological range 7 . The central monitoring of body fluid conditions is considered to be mediated by sensory circumventricular organs (sCVOs), brain regions that lack a blood-brain barrier but harbor neuronal cell bodies 8 . sCVOs consist of the subfornical organ (SFO), organum vasculosum of the lamina terminalis (OVLT) and area postrema 8 . Multiple neuronal populations reside in the SFO, and some of them are known to have connections with distinct brain regions such as the OVLT, median preoptic nucleus (MnPO), paraventricular nucleus (PVN), supraoptic nucleus (SON) and so on 7, 8 . We previously identified Na x channels specifically expressed in the glial cells (ependymal cells and astrocytes) of the SFO and OVLT as a brain [Na + ] sensor that detects [Na + ] elevations in body fluids within the physiological range [9] [10] [11] [12] [13] [14] .
Our studies on Scn7a-knockout (KO) (Na x -KO) mice revealed that the SFO is the principal site for sensing [Na + ] in body fluids to generate salt-avoidance behavior in dehydrated animals [15] [16] [17] . The activation of Na x stimulates glial cells to release lactate, which functions as a gliotransmitter that activates GABAergic inhibitory neurons in the SFO (refs. 13,18) . We hypothesized that the GABAergic neurons may suppress the activity of putative neurons encoding salt appetite 18 .
Angiotensin II (Ang II) is a peptide hormone that causes vasoconstriction and a subsequent increase in blood pressure 19 . Intracranial injections of Ang II have been shown to stimulate water and salt intake 20, 21 . The sCVOs in the brain have been suggested as the major sites for the signal transduction of circulating Ang II to neural signals, because Ang II receptors (AT1a, AT1b and AT2 in rodents; AT1 and AT2 in humans) are strongly expressed in sCVOs 22 . Therefore, detailed functional characterization of the neurons expressing Ang II receptors in sCVOs may reveal neural mechanisms to generate thirst and salt appetite.
In the present study, we visualized and characterized Ang II receptor type 1a (AT1a)-positive neurons in sCVOs using AT1a lacZ/+ mice 23 and, using optogenetic and electrophysiological techniques, demonstrated that thirst and salt appetites were controlled by different groups of the AT1a neurons in the SFO. This study explains the neural mechanisms in the SFO that generate appropriate water-and saltintake behaviors based on body fluid conditions. AT1a neurons in the SFO and OVLT in thirst and salt appetites First, we examined the distribution of AT1a-positive neurons in the brain by immunostaining β-galactosidase in AT1a lacZ/+ mice. They were distributed in several brain nuclei, including the three sCVOs (Supplementary Fig. 1 ). The AT1a-positive neurons were successfully visualized together with their neurites by the immunohistochemistry.
The expression of Fos, a marker for neuronal activity, was almost negligible in AT1a-positive neurons in AT1a lacZ/+ mice under the normal water-and salt-satiated condition ( Fig. 2a and Supplementary  Fig. 2 ). Under the Na-depleted condition, in contrast, the number of Fos-positive neurons was significantly increased in SFO and OVLT but not in area postrema or PVN, and they were largely AT1a-positive: SFO, 81.6 ± 2.9% AT1a-positive; OVLT, 65.1 ± 3.9% AT1a-positive ( Fig. 2a and Supplementary Fig. 2) . Notably, Fos expression was not observed in these two loci in AT1a-KO mice under the same conditions (Fig. 2b) . Continuous intracerebroventricular infusion of losartan, an AT1 blocker, consistently caused a loss of neuronal activation in SFO and OVLT (Supplementary Fig. 3a ) and abolished salt intake under the Na-depleted condition ( Supplementary  Fig. 3b ).
Under the water-depleted condition, the number of Fos-positive neurons in AT1a lacZ/+ mice was further increased in SFO and OVLT (Fig. 2a) compared to what we observed under the Na-depleted condition, and the fractions of β-galactosidase-positive (namely, AT1a-positive) neurons in Fos-positive neurons were 49.7 ± 4.0% in SFO and 32.7 ± 2.8% in OVLT. Notably, in AT1a-KO mice under the same condition, a number of Fos-positive neurons were also observed in SFO and OVLT (Fig. 2b) , but the fractions of β-galactosidase-positive neurons were 27.4 ± 3.3% in SFO and 19.6 ± 1.0% in OVLT. This finding supports our observation that AT1a-KO mice indeed drank water after dehydration (Fig. 1f) . The difference in the neuronal activity between AT1a lacZ/+ and AT1a-KO mice may therefore be attributable to the presence or absence of AT1a expression.
To achieve the site-specific deletion of Agtr1a, which encodes AT1a, in SFO or OVLT, an adeno-associated virus (AAV) carrying the gene encoding Cre-recombinase with a nuclear localization signal (NLS) (AAV-Cre) was injected into the respective brain nuclei of loxPflanked Agtr1a (AT1a loxP/loxP ) mice 24 (Fig. 2c,f and Supplementary  Fig. 4) . AT1a loxP/loxP mice (normal for AT1a expression) showed normal salt and water intakes under the Na-depleted condition (data not shown). The local deletion of Agtr1a in the SFO and OVLT resulted in significant reductions in water intake after the furosemide injection (Fig. 2d,g ). Here WT mice injected with the same virus were used as control mice to estimate the effects of the AAV-Cre injection itself.
When Agtr1a was deleted from the SFO (AT1a loxP/loxP -Cre (SFO), we observed marked reductions in water and 0.3 M NaCl intake in the two-bottle test (Fig. 2e) . A linear correlation was observed between reductions in 0.3 M NaCl intake and the number of Cre-positive cells in the SFO (Fig. 2e) ; notably, in the most effective case, salt intake disappeared. In contrast, when Agtr1a was deleted from the OVLT (AT1a loxP/loxP -Cre (OVLT)), no effects were observed on 0.3 M NaCl intake (Fig. 2h) . These results indicate that the AT1a signals in the SFO are involved in both water and salt intake, whereas those in the OVLT are involved only in water intake.
SFO→OVLT pathway controls water intake
To identify the neuronal types of AT1a-expressing cells in the SFO, we generated Vglut2-Cre;AT1a lacZ/+ (Fig. 3a) and GAD67-GFP;AT1a lacZ/+ (Fig. 3b) mice by crossing AT1a lacZ/+ mice with vesicular glutamate transporter 2 (Vglut2; its gene is Slc17a6)-Cre mice 25 or with glutamic acid decarboxylase 67 (GAD67; its gene is Gad1)-GFP mice (GAD67 GFP/+ ; ref. 26) , respectively. In Vglut2-Cre;AT1a lacZ/+ mice that received an injection of an AAV carrying double-loxP-flanked inverted orientation (DIO)-EGFP into the SFO (n = 4 mice), β-galactosidase signals largely overlapped with EGFP in glutamatergic neurons (Fig. 3a) ; over 80% of neurons showed EGFP-β-galactosidase overlap, depending on the infection rate. Notably, most though not all AT1a-positive neurons expressed neural nitric oxide synthase (nNOS), a marker of excitatory neurons in the SFO (ref. 27): 75.7 ± 2.9% (n = 5 mice) of the AT1a neurons were nNOS-positive (Supplementary Fig. 5 ). On the other hand, AT1a-positive neurons did not overlap with GFP in GAD67-GFP;AT1a lacZ/+ mice (Fig. 3b) . These results indicated that AT1a neurons in the SFO were glutamatergic (excitatory) but not GABAergic (inhibitory) neurons.
We then examined the projection targets of glutamatergic SFO neurons by injecting the AAV carrying DIO-EGFP into the SFO of Vglut2-Cre mice (Fig. 3c) . This revealed that glutamatergic SFO neurons had projections to the OVLT, MnPO, ventral part of the bed nucleus of the stria terminalis (vBNST), PVN and SON (Supplementary Fig. 6a ). We confirmed these results by using a highly efficient retrograde gene-transfer lentiviral vector (HiRet; ref. 28) carrying EGFP ( Supplementary Fig. 6b-e) . OVLT received intensive neural connections from AT1a-positive SFO neurons: 56.8 ± 3.9% (n = 4 mice) of the SFO neurons projecting to the OVLT (hereafter referred to as SFO(→OVLT) neurons) were AT1a-positive (Fig. 3d) . On the other hand, when the targets of GABAergic neurons were examined using vesicular GABA transporter (Vgat; its gene is Slc32a1)-Cre mice 25 as the recipient, a small number of fibers were detected in OVLT and MnPO; however, no fibers were observed in vBNST, PVN or SON (Supplementary Fig. 6f ). These results were reproduced by injecting an anterograde tracer, tetramethylrhodamine-conjugated dextran, into the SFO (Supplementary Fig. 6g ).a r t I C l e S Water-and salt-intake behaviors of mice under water-and/or Na-depleted conditions. (a) Experimental protocol to induce the water-and Na-depleted condition (W/Na-D). Blood Na + and plasma Ang II concentrations in WT mice under W/Na-D (left: n = 10 mice each; U (Na) = 100, P = 0.0001; right: n = 13 mice each; U (Ang II) = 5, P < 0.0001). (b) Experimental protocol to induce the Na-depleted condition (Na-D). Top: water intake during the first 6 h after furosemide injection (n = 10 mice each; U = 5.5, P = 0.0009). Bottom: blood Na + and plasma Ang II concentrations in WT mice under Na-D (left: n = 10 mice each; U (Na) = 100, P = 0.0001; right: n = 13 mice each; U (Ang II) = 0, P < 0.0001). a r t I C l e S Fos-positive neurons under the water-depleted condition overlapped well with SFO neurons that were retrogradely labeled from OVLT: 52.0 ± 4.6% (n = 4 mice) of SFO(→OVLT) neurons were Fospositive (Fig. 3e) . Therefore, we presumed that the SFO→OVLT neural pathway controlled thirst responses under dehydration. We optically silenced SFO(→OVLT) neurons using archearhodopsin 3 (ArchT), a yellow-light-drivable proton pump ( Supplementary  Fig. 7a ). The HiRet lentiviral vector carrying ArchT-GFP was injected into the OVLT of WT mice, and the cell bodies of SFO neurons with ArchT-GFP were exposed to yellow light under awake and free-moving conditions (Fig. 3f) . In the absence of the light, mice typically showed enhanced water intake under the water-depleted condition (Fig. 3g) . However, optical silencing of SFO neurons significantly reduced water intake (Fig. 3g) . We confirmed that furosemideinduced water intake was AT1a-dependent ( Supplementary Fig. 8a ) and that this water intake was also reduced by the specific deletion of Agtr1a (Supplementary Fig. 8b ) and the optical silencing of the SFO→OVLT pathway (Supplementary Fig. 8c) . In contrast to water intake, salt intake under the Na-depleted condition was not affected by the optical silencing of the same pathway (Fig. 3h) .
We next investigated the effects of the optical excitation of the SFO→OVLT pathway on water-and salt-intake behaviors using channelrhodopsin 2 (ChR2), a blue-light-gated cation channel. In these experiments, an AAV carrying DIO-ChR2-EGFP was injected into the SFO of Vglut2-Cre mice, and axon fibers innervating the OVLT were optically stimulated ( Fig. 3i and Supplementary Fig. 7a,b) . Here the optical stimulation induced rapid water-intake behavior in mice in the two-bottle test under the normal water-satiated condition (Fig. 3j) . The termination of water intake within several minutes is presumably due to feedback neural suppression from the oropharynx and/or hepatic portal vein 1 . When light stimulation was terminated shortly after the initiation of drinking, most mice immediately stopped drinking and left the spout (data not shown), indicating that the neural stimulation is directly related to the drinking behavior (or drives the recognition of thirst). In contrast, 0.3 M NaCl intake was not affected by optical excitation of the SFO→OVLT pathway (Fig. 3j) . Together, these data indicate that the SFO→OVLT pathway mediated thirst control but not salt-appetite control.
SFO→vBNST pathway controls salt appetite Some glutamatergic SFO neurons projected to the vBNST, as described above (Supplementary Fig. 6a ). They specifically projected to the ventral but not dorsal part of the BNST (Fig. 4a) . Dual injection of HiRet-EGFP and HiRet-mCherry to OVLT and vBNST, respectively, revealed that the two neuronal populations projecting to vBNST (hereafter referred to as SFO(→vBNST) neurons) and OVLT (SFO(→OVLT) neurons) had an intermingled distribution in the SFO (Supplementary Fig. 9 ). When we injected a retrograde tracer, Alexa Fluor 555-conjugated cholera toxin subunit b (CTb-555), into the vBNST of AT1a lacZ/+ mice (Fig. 4b) , most of the CTb-555-positive neurons in the SFO were positive for β-galactosidase and, accordingly, were AT1a-positive neurons (92.6 ± 0.3%; n = 3 mice). These neurons overlapped with Fos-positive neurons under the Na-depleted condition; 52.2 ± 6.0% (n = 3 mice) of SFO(→vBNST) neurons were Fos-positive. Of note, Fos expression in vBNST increased ~2 fold as a result of Na depletion (Supplementary Fig. 10a) .
Therefore, we investigated the importance of vBNST in saltintake behavior by generating focal, bilateral electrolytic lesions in the vBNST of WT mice (Supplementary Fig. 10b ). This procedure drastically reduced 0.3 M NaCl intake under the Na-depleted condition (Supplementary Fig. 10c) . To confirm the notion that the SFO→vBNST pathway is involved in salt-intake control, we deleted Agtr1a from SFO(→vBNST) neurons by injecting an HiRet lentiviral vector carrying Cre into the bilateral vBNST of AT1a loxP/loxP mice (Fig. 4c) . When AT1a was ablated from SFO(→vBNST) neurons, 0.3 M NaCl intake got smaller compared to that of the control (WT) group in the two-bottle test (Fig. 4d) . Notably, the reductions in 0.3 M NaCl intake were proportional to increases in the number of Crepositive cells in the SFO (Fig. 4d) . On the other hand, no reductions in 0.3 M NaCl intake occurred when the other sites (OVLT, PVN and SON) were individually injected with the same vector ( Supplementary Fig. 10d-f) .
Subsequently, we also examined the effects of optical silencing of the SFO→vBNST pathway on salt-intake behavior using ArchT (Supplementary Fig. 7c ). HiRet-ArchT-GFP was bilaterally injected into the vBNST of WT mice (Fig. 4e) , and SFO was exposed to yellow light under the Na-depleted condition (Fig. 4f) . In the absence of light exposure, mice injected with HiRet-ArchT-GFP showed normal enhancement of 0.3 M NaCl intake under the Na-depleted condition (Fig. 4f) . However, optical silencing significantly reduced salt intake (Fig. 4f) in a manner that depended on the number of cells expressing ArchT-GFP in the SFO (Fig. 4f) . In contrast, water intake was not affected by light exposure (Fig. 4f) . These results again indicated that the activity of the SFO→vBNST pathway was involved in the control of salt intake but not water intake. In support of this, water intake was not affected by the optical silencing of the same pathway under either the water-depleted ( Fig. 4g and Supplementary Fig. 10g ) or waterand Na-depleted conditions ( Fig. 4h and Supplementary Fig. 10h) .
We further investigated the effects of the optical excitation of the SFO→vBNST pathway on salt preference and avoidance by two-bottle tests; HiRet-DIO-ChR2-EGFP was injected bilaterally into the vBNST of Vglut2-Cre mice (Fig. 5a) . Optical excitation of SFO(→vBNST) neurons significantly increased salt intake (bottles containing 0.15 and 0.3 M NaCl, respectively) under the water-depleted condition but did not affect water intake (Fig. 5b) . When the amounts of NaCl consumed were calculated, no significant differences were noted between 0.15 and 0.30 M NaCl (Fig. 5c) . Under the water-depleted condition, mice showed a slight preference for the 0.15 M NaCl solution, but avoided the 0.3 M NaCl solution (Fig. 5d) ; however, optical stimulation enhanced the salt preference for the 0.15 M NaCl solution and reduced salt avoidance for the 0.3 M NaCl solution (Fig. 5d) . When we replaced 0.3 M NaCl with 0.3 M KCl in the two-bottle test, the amount of KCl consumed by mice was not affected by optical stimulation (Fig. 5e) . Taken together, we concluded that the SFO→vBNST pathway specifically controls NaCl-intake behavior. Na x is involved in the control of SFO→vBNST pathway We previously found that Na x -KO (Na x lacZ/lacZ ) mice did not show salt aversion under the water-depleted condition 15, 16 . To examine the relationship between Na x signals and AT1a-dependent control of salt appetite, we examined 0.3 M NaCl intake by WT, Na x -KO, AT1a-KO and Na x -AT1a-double KO (DKO) mice in the two-bottle test before and after 48 h of water depletion (Fig. 6a) . When dehydrated, salt intake by WT mice was significantly less than water intake, reflecting salt avoidance due to high [Na + ] in body fluids as a result of dehydration (Fig. 6b) . Consistent with our previous results 15, 16 , Na x -KO mice consumed pure water and 0.3 M NaCl equally; as the result, their preference ratio for 0.3 M NaCl was larger than that for WT mice (Fig. 6b) . In contrast, notably, 0.3 M NaCl intake was almost negligible by AT1a-KO and Na x -AT1a-DKO mice (Figs. 1f and 6a,b) , indicating that salt appetite in WT and Na x -KO mice under the waterdepleted condition was completely abolished by knocking out Agtr1a.a r t I C l e S Thus, Na x signals appear to be upstream of AT1a-dependent control of salt intake.
To investigate this possibility at the cellular level, we examined the activity levels of SFO(→vBNST) neurons in WT, Na x -KO and AT1a-KO mice, in which HiRet-EGFP was injected into vBNST (Fig. 6c) . Under the water-depleted condition, Fos expression was increased in the SFO neurons of all genotypes. The number of Fos-positive cells among EGFP-positive neurons was significantly higher in Na x -KO mice a r t I C l e S than in WT mice (P = 0.0009; Fig. 6c) , suggesting that the activity of SFO(→vBNST) neurons is negatively regulated by Na x signals. Furthermore, the value of the ratio was smaller in AT1a-KO mice than in WT mice (Fig. 6c) , indicating that the neural activity of the SFO→vBNST pathway is stimulated in an AT1a-dependent manner in dehydrated animals.
[Na + ]-dependent modulation of the neuronal activity of SFO(→vBNST) neurons Since the activation of Na x by an increase in [Na + ] in body fluids causes the activation of GABAergic neurons in the SFO (ref. 18 ), we conducted electrophysiological experiments using acute brain slices containing the SFO to examine whether the activity of the SFO→vBNST pathway is regulated by GABAergic neurons. Brain slices were prepared from GAD67-GFP (GAD67 GFP/+ ) and GAD67-GFP;Na x -KO mice that received CTb-555 injections bilaterally to the vBNST beforehand (Fig. 7a) .
In these slices, GABAergic and SFO(→vBNST) neurons were identified by green (GFP) and red fluorescence (CTb-555), respectively. We stimulated GABAergic neurons and recorded inhibitory postsynaptic currents from the neighboring CTb-555-labeled SFO(→vBNST) neurons (Fig. 7b) . We then recorded the firing activities of sets of SFO(→vBNST) neurons and GABAergic neurons connected synaptically (Fig. 7c) . Under normal 145 mM [Na + ], SFO(→vBNST) neurons were silent in GAD67-GFP mice and GAD67-GFP;Na x -KO mice; however, firing activity was stimulated upon the application of Ang II (Fig. 7c) . On the other hand, the firing frequency of the GABAergic neurons was not affected by Ang II (Fig. 7c) . When the perfusing solution was changed to a hypertonic Na solution (160 mM Na + ), the firing rate of the GABAergic neurons was upregulated ( Fig. 7c-e) , as we reported previously 18 . These responses were absent in slices prepared from Na x -KO mice (Fig. 7d,e) , indicating that GABAergic activity is regulated by Na x signals. bw, body weight; ns, not significant; *P < 0.05; **P < 0.01; Mann-Whitney U-tests. Data show mean ± s.e.m.
a r t I C l e S
In line with elevations in the activity of the GABAergic neurons by the hypertonic Na solution, the Ang II-induced firing activity of SFO(→vBNST) neurons was suppressed in WT mice (Fig. 7d,e) . This effect by GABAergic neurons on SFO(→vBNST) neurons in WT mice disappeared when [Na + ] was returned to normal levels (Fig. 7d,e) . Notably, the [Na + ]-dependent control of SFO(→vBNST) neurons was absent in Na x -KO mice (Fig. 7d,e) . These findings supported the activity of the SFO→vBNST pathway being under the regulation of GABAergic neurons, the activity of which is controlled by the [Na + ] signals sensed by Na x . Since the regulation of GABAergic activities by Na x is known to be mediated by lactate signaling from Na x -positive glial cells to GABAergic neurons 18 , we examined the effects of α-cyano-4-hydroxycinnamic acid (α-CHCA), an inhibitor of monocarboxylate transporters, which mediate the intercellular transport of lactate 29 . The [Na + ]-dependent modulation of the GABAergic neurons and SFO(→vBNST) neurons was abolished by 5 mM α-CHCA (Fig. 7f) .
We also tested whether the activation of GABAergic neurons in the SFO reduced salt intake, using optogenetics in animals. As expected, optical excitation of GABAergic neurons in the SFO significantly reduced salt intake under the Na-depleted condition (Fig. 7g  and Supplementary Fig. 11 ). Optical stimulation also reduced water intake slightly but significantly, suggesting that there may exist a population of GABAergic neurons that control SFO(→OVLT) neurons ( Fig. 7g and Supplementary Fig. 11 ).
Cholecystokinin-dependent modulation of the neuronal activity of SFO(→OVLT) neurons
We then explored inhibitory signals that suppress the activity of SFO(→OVLT) neurons. Brain slices containing the SFO were prepared from GAD67-GFP mice that had received CTb-555 injections to the OVLT beforehand, and the firing activity of the set of CTb-555-labeled SFO(→OVLT) neurons and their synaptically connected GABAergic neurons was examined (Fig. 7h-j) . Under normal 145 mM [Na + ], SFO(→OVLT) neurons were silent in WT mice; the firing activity of half of these neurons (8/13 cells) was stimulated upon the application of Ang II (Fig. 7i,j) . We then applied cholecystokinin (CCK) to the perfusate, because it has been reported as inhibiting water intake when injected into the brain 30 . CCK upregulated the GABAergic activities along with suppression of the Ang II-induced firing activity of SFO(→OVLT) neurons (Fig. 7i,j) . On the other hand, the hypertonic Na solution (160 mM) did not change the activities of these neurons (Fig. 7k) .
Notably, CCK did not affect the activity of the GABAergic neurons that are connected to SFO(→vBNST) neurons ( Supplementary  Fig. 12 ). These findings indicate that there exist distinct populations of GABAergic neurons in the SFO that selectively regulate SFO(→vBNST) neurons or SFO(→OVLT) neurons. Finally, we corroborated the possibility that CCK is increased in the SFO under the Na-depleted condition to suppress water intake despite high Ang II. As was expected, the CCK level in the SFO was increased approximately nine-fold specifically under the Na-depleted (water-satiated) condition (Fig. 7l) .
DISCUSSION
In the present study, we demonstrated that different groups of AT1a-positive SFO neurons separately drive thirst and salt appetites based on body fluid conditions. We refer to them as 'water neurons' and 'salt neurons' , respectively. Water neurons are AT1a-positive excitatory Increases in plasma renin activity and Ang II in body fluids are caused by a deficiency in water and/or Na in the body (i.e., due to dehydration, hypovolemia or hyponatremia) 21 . The SFO has been reported to sense circulating Ang II to elicit water-drinking and salt-intake (l) CCK levels in SFO tissues of mice under control, Na-depleted and water-depleted conditions (n = 5 samples in 15 mice each; U (Na-depleted) = 0, P = 0.0090; U (Water-depleted) = 15, P = 0.6761). The mean value of the control was set at 1. bw, body weight; ns, not significant; *P < 0.05; **P < 0.01; Mann-Whitney U-tests. Data show mean ± s.e.m.
a r t I C l e S behaviors 31 . Consistently, AT1a was expressed in the excitatory neurons in the SFO (Fig. 3a) and an intravenous infusion of Ang II induced the expression of Fos in SFO neurons 32 . In addition, a lesion in the SFO caused decreases in Ang II-induced water drinking and salt intake 33 . In the present study, the genetic deletion of Agtr1a in the SFO reduced water intake and abolished salt intake induced by the furosemide treatment (Fig. 2) , indicating that the SFO is not a relay point but is the principal site for sensing Ang II in blood. In line with this view, a research group recently reported that activation of excitatory neurons in the SFO induced both water and salt intake 34 . The optical excitation of SFO(→OVLT) neurons (water neurons) induced water intake under the water-satiated condition (Fig. 3j) , and the optical silencing of the same pathway significantly reduced water intake induced by dehydration (Fig. 3g) . Several brain loci have been suggested as being part of the downstream neural pathways (Supplementary Results and Discussion) . The neural fibers from SFO to OVLT pass along the midline of the anterior wall of the third ventricle, where the MnPO is located. In our optogenetic experiments, we carefully placed the tip of the optical fiber just above the OVLT and confirmed that optical excitation induced Fos expression in a small area within the OVLT (Supplementary Fig. 7b ). However, we cannot completely exclude the possibility that the SFO→MnPO pathway is also involved in the control of water intake 21, 35 .
AT1a neurons in the SFO play important roles in the water intake induced by furosemide treatment, because deleting Agtr1a in the whole body (Fig. 1d) and locally in the SFO (Fig. 2d) both reduced water intake by half. It is possible that the remaining half of the water intake is mediated by AT2 neurons, because AT2-KO mice showed a reduction in water intake induced by central injection of Ang II (ref. 36 ). On the other hand, the water intake induced by dehydration was not reduced in AT1a-KO mice at all (Figs. 1f and 6a) . In the water-depleted condition, AT1a lacZ/+ and AT1a-KO mice showed similar levels of Fos expression in the SFO and OVLT; however, the fraction of originally AT1a-positive neurons in the Fos-positive neurons in AT1a-KO mice was less than half of that in AT1a lacZ/+ mice (Fig. 2a,b) . These results may indicate that an AT2-receptordependent mechanism compensates the lack of Agtr1a in AT1a-KO mice by unknown mechanisms, and the same level of water intake was observed in AT1a-KO as in WT mice under the dehydrated condition (Figs. 1f and 6a) .
Water intake disappeared under the Na-depleted condition in WT mice, even when the plasma Ang II level was high (Fig. 1e) . This indicates that the activities of water neurons can be suppressed even in the presence of Ang II. In the present study, we revealed that the Ang II-dependent activities of water neurons were suppressed by the application of CCK (Fig. 7h-k) . Consistently, CCK contents in the SFO tissue were markedly enhanced under the Na-depleted (water-satiated) condition, as compared with control (water-and Na-satiated) and water-depleted conditions (Fig. 7l) . This may explain why mice under the Na-depleted condition did not drink water despite high Ang II levels. Recently, CCK was reported to influence the excitability of SFO neurons 37 . In addition, expressions of the CCK receptors (CCKAR and CCKBR) were detected in SFO by reverse-transcription PCR 37 . Consistent with our findings, CCKBR-KO mice show enhanced water consumption compared to WT mice 38 . Here we should note that in our experiments CCK levels in plasma were held constant at ~60 pM regardless of body fluid conditions. Considering this together with the affinity thresholds of CCK receptors (600 pM for CCKAR; 300 pM for CCKBR) 39 , circulating CCK is unlikely to activate CCK receptors in the SFO. The CCK-expressing neurons are reportedly located in the parabrachial nucleus 40 and nucleus tractus solitaries 41 , both of which are also known to be related to body fluid homeostasis 7 . Because neurons in these nuclei have projections to the SFO (ref. 8) , CCK originating from these neurons may contribute to the suppression of water neurons.
Our finding that optical silencing of the SFO→OVLT pathway did not completely abolish the water intake induced by dehydration (Fig. 3g) may suggest the existence of some additional neural mechanism for water intake. Besides the SFO, the OVLT has also been reported to monitor the levels of Na + , osmolality, and dipsogenic hormones in body fluids to evoke water-intake behavior 7 . Agtr1a deletions in OVLT consistently and markedly reduced furosemideinduced water intake (Fig. 2g) . In addition, we recently found that Na x signals were also involved in the immediate induction of water intake evoked by an intracerebroventricular administration of a hypertonic NaCl solution 42 . Here Na x in the OVLT appears to mediate this function (H. Sakuta and M. Noda, unpublished data). Thus, it is likely that the OVLT not only receives neural signals from the SFO but also independently monitors body fluid conditions to induce water intake.
We demonstrated that optical excitation of SFO(→vBNST) neurons (salt neurons) enhanced salt intake even under the dehydrated condition (Fig. 5) . We also demonstrated that optical silencing of the SFO→vBNST pathway reduced salt intake even under the Na-depleted condition (Fig. 4f) . Our results are consistent with previous findings that ablation of the BNST, including both of the dorsal and ventral parts, reduced salt intake (Supplementary Results and Discussion) 43 . We previously reported that activation of Na x leads to elevations in the firing rate of GABAergic neurons in the SFO and postulated that this leads to suppression of the hypothetical SFO neurons inducing salt appetite 18, 44 . Electrophysiological experiments using acute brain slices in the present study revealed that the hypothetical driving neurons were salt neurons (Fig. 7a-f) . Salt intake disappeared under the water-depleted condition, even when the plasma Ang II level was high (Fig. 1c,f) . This indicated that the activity of salt neurons in the SFO was suppressed by Na x signals even in the presence of Ang II.
In summary, we herein demonstrated that distinct AT1a neurons in the SFO projecting to the OVLT and vBNST specifically encode water and salt appetites, respectively. Water neurons were suppressed by CCK via GABAergic neurons. On the other hand, salt neurons were suppressed by another population of GABAergic neurons via Na x signaling. In the SFO, CCK levels were increased under Na-depleted (water-satiated) conditions, while Na x signals were increased under water-depleted conditions. The neural mechanisms by which waterand salt-intake behaviors were separately controlled by two distinct GABAergic neuron populations based on body fluid conditions are summarized in Supplementary Figure 13 . Our results thus provide insights into the central mechanisms by which body fluid conditions regulate thirst and salt appetite.
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